Stainless steel disks (diameter, 1 cm) were contaminated with fecally suspended hepatitis A virus (HAV; strain HM-175) and held at low (25% ± 5%), medium (55% ± 5%), high (80% ± 5%), or ultrahigh (95% + 5%) relative humidity (RH) at an air temperature of 5, 20, or 35°C. HAV survival was inversely proportional to the level of RH and temperature, and the half-lives of the virus ranged from >7 days at the low RH and 5°C to about 2 h at the ultrahigh RH and 35°C. In parallel tests with fecally suspended Sabin poliovirus (PV) type 1 at the low and ultrahigh RH, all PV activity was lost within 4 h at the low RH whereas at the ultrahigh RH it remained detectable up to 12 h. HAV could therefore survive much better than PV on nonporous environmental surfaces. Moreover, the ability of HAV to survive better at low levels of RH is in direct contrast to the behavior of other enteroviruses. These findings should help in understanding the genesis of HAV outbreaks more clearly and in designing better measures for their control and prevention.
In regions with a temperate climate, infections due to polio-, coxsackie-, and echoviruses generally reach a peak in summer and early fall (25) . This suggests that relative humidity (RH) and air temperature may be important in the seasonality of enteroviral outbreaks (9) . Whereas laboratory studies have shown that these viruses survive better in air (15) and on environmental surfaces (4, 30) when RH is higher than 80%, the role of air temperature in the seasonality of enteroviral infections is unclear.
Although hepatitis A virus (HAV) is presently classified as enterovirus type 72 (24) , cases of hepatitis A in most places do not show any clear seasonal patterns (8) ; where seasonality is observed, the peaks are generally recorded in winter (16, 43) . The virus is excreted in the feces of infected individuals, and consumption of fecally contaminated food or water is known to result in common-source outbreaks of the disease (8) . The available epidemiological evidence suggests that except in rare cases (1), air does not play a significant role in the transmission of HAV (16) .
Apart from the cases that occur in the general community, hepatitis A outbreaks are now a recognized problem in day-care centers (13) , hospitals (11, 17) , schools (26) , institutions for the mentally handicapped (18, 21) , and animal care facilities (38) . In many of these outbreaks, the vehicles of virus spread remain obscure (12) . Whereas hands may play an important role in virus transmission, fecally contaminated environmental surfaces (20) and fomites (7) have been incriminated in certain cases. The virus has also been found to survive well in dried feces (23) and on polystyrene surfaces held at 5 and 25°C (40) . There is, however, no information on how well HAV survives on environmental surfaces and fomites in relation to a changing RH level. The present study was therefore designed to address this issue and to compare the persistence of HAV with that of poliovirus type 1 (Sabin), a prototypical enterovirus. * Corresponding author.
MATERIALS AND METHODS
Cells. A seed culture of FRhK-4 cells was kindly provided to us by M. D. Sobsey (University of North Carolina, Chapel Hill). The cells were cultivated and maintained as described by Sobsey et al. (39) . Briefly, Eagle minimum essential medium (GIBCO, Grand Island, N.Y.) with 10% fetal bovine serum (GIBCO), 2 mM glutamine (GIBCO), 0.1 mM nonessential amino acids (GIBCO), 50 pLg of gentamicin sulfate (Cidomycin; Roussel, Montreal, Quebec, Canada) per ml, 100 ,ug of kanamycin (GIBCO) per ml, 0.015 M HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; GIBCO), and 0.113% sodium bicarbonate (BDH Chemicals, Toronto, Ontario, Canada) was used for growing the cells; they were maintained in the same medium but with only 2% fetal bovine serum.
Viruses. The HM-175 strain of HAV was also received from Sobsey. Stock virus was prepared by infecting monolayers at a multiplicity of infection of 0.01. The virus was allowed to adsorb for 90 min at 37°C, and the infected cultures were then kept in the maintenance medium until 75 to 80% (4 to 5 days of incubation) of each monolayer was affected by virus cytopathology. The cultures were frozen (-20°C) and thawed three times, and the culture fluid was centrifuged for 10 min at 1,000 x g. The virus was concentrated 10-fold by polyethylene glycol hydroextraction as described by Ramia and Sattar (29) . Dialysis tubing (Spectrum Medical Industries Inc., Los Angeles, Calif.) containing 100 ml of the clarified cell culture fluid was placed in a plastic tray and completely covered with polyethylene glycol (molecular weight, 8,000; Matheson, Coleman and Bell, Norwood, Ohio). After overnight hydroextraction at 4°C, the residue in the dialysis tube was resuspended in 2 ml of Earle balanced salt solution. The concentrate was filtered through a 0.2-,um-pore-size membrane filter and divided into aliquots for storage at -70°C.
The Sabin strain of poliovirus type 1 (PV) was obtained from the Laboratory Center for Disease Control (Ottawa, Ontario, Canada). FRhK-4 cells were also used for working with this virus. The procedures for the preparation and concentration of the virus pools were the same as those described above for HAV.
Virus suspending medium. The fecal sample used in this study was obtained from a healthy 5-month-old baby. It was prepared as a 10% suspension in normal saline, clarified of gross particulate matter by 10 min of centrifugation at 1,000
x g, and passed through a 0.2-,um-pore-size membrane filter (Nalge Co., Rochester, N.Y.) to remove bacteria and fungi. The filtrate was noncytotoxic and free of indigenous viruses when tested as previously described (2) Kans.) and incubated (8 days for HAV and 48 h for PV) at 37°C. The procedure for fixing and staining the monolayers prior to counting plaques has been described previously (32) . The limit of virus detection in this technique was 3 to 4 PFU for both HAV and PV.
Experimental procedure. Before each experiment, the stock virus was diluted 10-fold in the fecal suspension. Ten microliters of the fecally suspended virus was placed, using a positive-displacement pipette (Gilson Medical Instruments, Villiers-le-Bel, France), into each of two glass vials containing 990 RI of Earle balanced salt solution; these acted as the input virus controls. Each of two disks also received 10 ,lI of the virus; immediately after virus inoculation, each disk was placed into a glass vial with 990 Rl of Earle balanced salt solution; (0-min control). After sonication (Bransonic Ultrasonics Corp., Danbury, Conn.) for 10 min at room temperature, the eluates were recovered for plaque assay. With this procedure, 91 to 100% of the input infectious virus could be recovered from the disks.
For virus survival tests, one disk was placed in each well of a 24-well plastic plate (Costar), and 10 pul of fecally suspended HAV or PV was placed in the center of each disk by using a positive-displacement pipette. The plates were then placed at the desired temperature and RH (see below). At each sampling time, three disks were removed and placed separately in vials containing 1 ml of Earle balanced salt solution. Virus from the disks was eluted as described above. The eluates were stored at -80°C, and all samples from a given experiment were plaque assayed at the same time. Survival experiments were conducted over 96 h, and each experiment was repeated at least three times.
The survival of HAV at low (25% ± 5%), medium (55% ± 5%), high (80% ± 5%), and ultrahigh (95% ± 5%) levels of RH and at air temperatures of 5, 20, and 35°C was studied. The experiments on PV survival were conducted only at the low and ultrahigh RH levels, and the air temperature was kept at 20°C. The temperature of the incubator (Precision Scientific Co., Chicago, Ill.) used for holding the disks could be adjusted to the desired level. The ambient RH level ranged between 50 and 60%. The higher levels of RH were achieved and maintained by bubbling the air entering the incubator through sterile deionized water with one (Fig. 1) undetectable after 6 h at 25% + 5% RH and after 12 h at 95% + 5% RH.
HAV decay rate was >2.5 times higher at the high RH than at the low RH and >3.5 times higher at ultrahigh RH than at the low RH. The rate of decay of PV at the low RH was >106 times faster than that of HAV under the same test conditions; even though PV survived better at the ultrahigh RH (Ki, 0.0984) than at the low RH (Kg, 0.3928), its rate of decay was still >7.2 times faster than that of HAV at the higher humidity level. The half-life for HAV at 95% + 5% RH was 51 h, compared with 7 h for PV at the same RH level and temperature (Table 1) .
HAV survival at 35°C. At 35°C, there was also an increase in the rate of decay of HAV infectivity as the RH level was increased (Fig. 3) . At the ultrahigh RH, virus infectivity became undetectable within 4 h, whereas approximately 43, 38, and 20% of the input infectious virus remained detectable at the end of the same period at low, medium, and high RH levels, respectively. The half-lives of the virus (Table 1) values obtained at the various air temperatures and RH levels were plotted to ascertain the influence of RH on HAV survival. As shown in Fig. 4 , the differences in the effects of the higher levels of RH on HAV survival at 5°C were much less pronounced than those at 20 and 35°C. The differences in the Ki values for the low and medium RH levels at 5 and 20°C were minimal, but they increased gradually as the RH was raised. The influence of air temperature on HAV inactivation was similar at 25% + 5% and 55% + 5% RH but was more obvious at the high and ultrahigh RH (Fig. 5 ).
DISCUSSION
It is generally believed that the survival of enveloped viruses on inanimate surfaces is favored when RH levels are below 50%; on the other hand, RH levels higher than 80% are considered to be more conducive to the survival of nonenveloped viruses (4, 30) . The results of this study clearly show that the influence of RH on HAV survival on nonporous inanimate surfaces is very different from that on most other nonenveloped viruses tested (4, 30) . A direct confirmation of this difference was obtained in this study by The reasons for the higher stability of HAV at the lower the low or medium level (31) .
RH levels remain to be elucidated, but a number of possiPreviously, it has been shown that infectivity of PV and bilities can be considered, singly or in combination, to other enteric viruses decreases in parallel with evaporation explain the observed results. Association of HAV with of water in the inoculum (44) . The mechanism of inactivation cellular lipids is believed to protect it from neutralization by by evaporation may be accelerated by the exposure of viral a variety of convalescent sera (19 
